The ability of cells to respond to external mechanical stimulation is a complex and robust process involving a diversity of molecular interactions. Although mechanotransduction has been heavily studied, many questions remain regarding the link between physical stimulation and biochemical response. Of significant interest has been the contribution of the transmembrane proteins involved, and integrins in particular, because of their connectivity to both the extracellular matrix and the cytoskeleton. Here, we demonstrate the existence of a mechanically based initiation molecule, syndecan-4. We first demonstrate the ability of syndecan-4 molecules to support cell attachment and spreading without the direct extracellular binding of integrins. We also examine the distribution of focal adhesion-associated proteins through controlling surface interactions of beads with molecular specificity in binding to living cells. Furthermore, after adhering cells to elastomeric membranes via syndecan-4-specific attachments we mechanically strained the cells via our mechanical stimulation and polymer surface chemical modification approach. We found ERK phosphorylation similar to that shown for mechanotransductive response for integrin-based cell attachments through our elastomeric membrane-based approach and optical magnetic twisting cytometry for syndecan-4. Finally, through the use of cytoskeletal disruption agents, this mechanical signaling was shown to be actin cytoskeleton dependent. We believe that these results will be of interest to a wide range of fields, including mechanotransduction, syndecan biology, and cell-material interactions.
T he biochemical response of cells to external mechanical stimulation has generated tremendous interest over the past decade. Of particular interest are the causative contributions of mechanotransductive transmembrane integrin molecules that link the extracellular matrix (ECM) to the cell interior and play a role in physiological response and molecular signaling within the cell. Recently, numerous exciting discoveries have evolved from these studies including the role of mechanotransduction in vascular physiology and atherogenesis, Src activation (Src phosphorylation/ activation under local mechanical stimulation), and the effect of matrix stiffness on stem cell differentiation (1) (2) (3) . Mechanical stimulation has been shown to produce a wide range of cellular responses including the proteomic activation of the mitogenactivated protein kinase (MAPK) pathways in extracellular signalregulated kinases (ERKs), alterations of genomic expression profiles, and control of cell morphology, differentiation, and proliferation (4, 5) . However, such research has focused primarily on the integrins as the mechanical signal initiator/transmembrane protein. Although other strain-sensitive proteins, such as mechanosensitive ion channels and protein kinase C, are known to be altered by mechanical stimulation, these responses are thought to occur downstream or be directly linked to the transmembrane proteininitiating events at the cell surface (6) . Identifying another class of mechanotransduction-initiating transmembrane proteins would be an intriguing finding that would be in line with well-known redundancy principles; cells exhibit many signaling pathways for critical functional behavior to avoid reliance on one alone. The impact of furthering our understanding of the mechanotransductive process is essential, because the effects are correlated to sensory responses such as sensorineural hearing loss, gravity sensation, baroreception, and even organism development (7) (8) (9) .
When examining integrin characteristics, it is important to note their link from the extracellular to the intracellular complexes (6, 10) , and their location within the focal adhesion complex (FAC). FACs are a heterocomplex of proteins including paxillin, vinculin, and talin that form a structural signaling connection from the ECM to the cytoskeleton. These cell surface receptors are not only involved in mechanical responses, they can also control cell structure and function and affect cell migration and adhesion. In the mechanotransductive response, the downstream regulation of complexes, such as ERK phosphorylation as part of the MAPK pathway, demonstrates parallel signaling responses when activated with both biochemical and mechanical stimulation, implying that independent modes of activation (mechanical and chemical) result in similar biochemical responses. Mechanically stimulating living cells and assaying their response has been investigated through a variety of techniques (2, 11) . These techniques enable mechanotransduction theories to be tested and focus on both single-cell mechanical stimulation approaches such as magnetic beads, atomic force microscopes, and local elastomeric membrane deformation, and multiple-cell stimulation approaches such as Flexcell technology (11) (12) (13) (14) . Developing a technique with the capacity to attach cells to flexible membranes with molecular specificity while simultaneously providing for the mechanical stimulation of numerous cells is necessary to allow for larger-scale biochemical assays that might help identify new initiator proteins.
Based on the characteristics of and responses to integrins, proteins that exhibit similar structural characteristics to the inte-grins could be candidates as the novel transducers of mechanical stimuli. Syndecan-4, for example, although different from integrin in regard to specific structural organization, has similar location and linkage characteristics. Syndecans are heparan sulfate proteoglycans positioned at the cell surface. Most importantly, they exhibit a membrane spanning distribution (15) . Because syndecans, like integrins, are known to have binding affinities for both the ECM and the actin cytoskeleton (16), they likely provide connectivity between the extracellular and intracellular domains. Furthermore, syndecan-4 molecules are also known to be a component of the FAC (17) , which is very important for communication across the cell membrane during mechanotransduction. Syndecan-4 molecules have been shown to indirectly attach to primary protein components of the FAC, including paxillin, that is linked to the actin cytoskeleton (16) . In addition, studies have already indicated that heparin sulfate-linked proteins could have a role in mechanical signaling (15) and have been implicated in numerous processes from cell signaling to adhesion (18) . Furthermore, in tests of mechanotransduction using integrin-based adhesion, syndecans are known to cluster at the FAC, potentially implicating them in this pathway and reinforcing their interrelationship to the process of mechanical activation (19) . From a biochemical activation standpoint, syndecans are regarded as integrators of extracellular signals. They have been linked with local domain protein distribution and binding to cytoplasmic proteins and are involved in intracellular phosphorylation (20) . Furthermore, syndecan binding has been shown to play a role in a wide variety of functional areas including the activation of the Rho and Rac pathways (16, 21) . This finding indicates the possibility of a progressive sequence that could lead to the activation of ERK phosphorylations, because both Rho and Rac are part of the integrin mechanotransduction pathway as well. In addition, syndecans are present in a variety of tissues, including mesenchymal and arterial tissues, and have been demonstrated to be essential in a diversity of physiologically relevant areas such as wound healing, neointima formation, liver disease, and cancer (22, 23) . The ability to control the surface interactions of cells with their interface (e.g., polymer membrane surface) is critical for investigating mechanotransduction related to types of transmembrane proteins. Here, we demonstrate that syndecan-4 is a transmembrane protein that can recruit FAC proteins to sites of syndecanspecific cellular attachments. Furthermore, mechanical stimulation through syndecan-4 increases ERK phosphorylation in a similar manner to that observed for integrin-based attachments, and, like integrins, demonstrates a dependence on the cytoskeleton. To impose specific mechanical stimulation and examine the response, this research used our own method of elastomeric stretching and chemical surface modification and optical magnetic twisting cytometry, which allowed us to create specific attachments through antibody binding.
Results and Discussion
As the existing body of research on transmembrane mechanotransduction has largely focused on integrins, our goal was to use integrin-based knowledge as a comparative approach to develop a system through which we could explore the potential role of syndecan-4 in mechanotransduction independent of integrin-based attachments. We first investigated the attachment and spreading of NIH 3T3 fibroblasts through antibody-based syndecan-4-specific cell adhesion (Fig. 1) . Cell attachment and spreading was investigated by incubating cultures with anti-syndecan-4 KY8.2 antibodies on glass coverslip surfaces. These antibodies are known to be highly specific for syndecan-4 and previous studies have provided support for syndecan-specific cell adhesion (24) . The cells were then fixed with paraformaldahyde, permeabilized with Triton-X, and stained for vinculin (blue) and actin (green) as shown in Fig. 1 B and C. Although natural syndecan ligands would normally be considered most useful for probing these interactions, and there are generalized ligands for syndecans (for example, those derived from fibronectin), unfortunately, there are currently no known ligands that can be used to specifically probe syndecan-4. However, initiation of response using antibodies to examine specific linkages to receptor proteins has been successfully demonstrated in previous integrinbased mechanotransduction research (6) . Furthermore, recent studies have shown that syndecan molecules indeed form attachments through their protein chains (25, 26) . Glass substrate surfaces in our research were treated with a 1% BSA (or, alternately, pluronics F-127; Invitrogen) in double-distilled H 2 O (ddH 2 O) solution for 30 min to inhibit nonspecific attachments. To investigate the dependence of syndecan-4 binding to the antibody for cell attachment and spreading, syndecan shedding was induced in adherent cells by using phorbol 12-myristate 13-acetate (PMA). PMA induces the activation of protein kinase C, which results in a wide array of cellular responses, including the shedding of syndecans but not integrins (27) . The known lack of integrin shedding in response to PMA indicates the specificity of syndecan-4 binding to the surfaces over 45 min of stimulation when we compared PMAtreated cells on anti-syndecan-4 antibody-coated surface with PMA-treated cells on fibronectin-coated surface as shown in Fig.  1 A. The timing of the spreading of NIH 3T3 fibroblasts on fibronectin, anti-syndecan-4 antibodies, glass, and nonspecific rat IgG through 8.5 h was investigated as well (Fig. S1 ). The cells were found to spread on fibronectin and anti-syndecan-4 antibodycoated surfaces, and untreated glass. The negative controls, which used rat IgG antibodies in place of anti-syndecan-4 antibodies, did not enable cell attachment and spreading.
We also wanted to investigate microdomain responses of the NIH 3T3 fibroblasts to local attachments via syndecan-4 ( Fig. 2) . We coated carboxyl functionalized beads with anti-syndecan-4 antibod- ies, applied them to cells, and then stained the cells for vinculin, a primary structural component of the FAC. We observed a spatial colocalization at the periphery of the anti-syndecan-4 antibodycoated beads based on the fluorescent intensity of the vinculin (Fig.  2 A and B) . This response was compared with beads coated with nonspecific rat IgG molecules, which showed no vinculin recruitment at sites of bead localization on cells. Bead binding was also shown to be specific for syndecan-4-based attachments by conducting competition studies between conjugated beads and free antibodies in solution. When we added free antibodies together with antibody-coated beads, the number of beads attached on cells decreased (Fig. 2C) . Furthermore, beads coated with fibronectin and ␤-1 integrin antibodies showed similar vinculin distribution patterns to the anti-syndecan-4 antibody-coated beads (Fig. S2) . These bead attachment and cellular spreading experiments indicate that syndecan-4 plays a crucial role in recruiting vinculin to FAC sites without requiring integrin binding to an extracellular ligand. Because syndecan-4 is able to begin the assembly of FACs on its own, the role of syndecan-4 in a mechanotransduction cascade on its own is structurally plausible.
We next probed the response of NIH 3T3 fibroblasts to mechanical stimulation through syndecan-4-based binding. We developed a technique to control the mechanical stimulation of living cells while simultaneously controlling the surface chemistry of an elastomeric membrane for molecular specificity under stimulation. This approach allowed for mechanically straining numerous living cells while simultaneously controlling their molecular surface interactions during adherence and spreading. We used the pressure-driven cell-stretching (PreCS) device (28) that was able to impose controlled mechanical stimulation on single cells and cell populations through stretching of an elastomeric membrane (Fig. 3 A and B) . This system constrains a polydimethylsiloxane (PDMS) membrane to dictate the mechanical stimulation of cells through their basal domains by controlling the polymer-to-cell surface interactions. A regulator applied a pressure of 5 lb/in 2 to the bottom surface of the membrane to induce the deformation of the PDMS. Importantly, control over the surface chemistry is critical for this mechanical stimulation, because unmodified PDMS is hydrophobic and challenging for incorporating molecular coatings (29) . The PDMS membranes were chemically modified to make them conducive to specific protein conjugation before the cells were cultured on the membranes (Fig. 3C) . To accomplish this, PDMS surfaces were treated with 1 min of air plasma (Harrick Plasma PDC-32G), followed by 24 h of 2% 3-aminopropyltriethoxysilane (AMEO) in ethanol. The membranes were then heat-treated in an 80°C oven for 8 h, followed by a thorough ethanol and PBS rinse. To probe the specific role of syndecan-4 in mechanical signaling, we linked anti-syndecan-4 antibodies to the modified PDMS. Cells were attached through syndecan-4-specific adhesion to the antibodyconjugated membranes and introduced into the PreCS device. We then increased the pressure on the lower side of PDMS membrane to create an equibiaxial strain (28) . The strain was transferred to the cells through their basal attachments to the anti-syndecan-4 antibody-coated PDMS surface. Through examining the levels of ERK activation in cells adhered to membranes coated with antisyndecan-4 antibody, we could examine one mechanotransduction indicator (Fig. 4) ; ERK activation is a commonly used measure to assess a mechanotransduction pathway (6, 30) . NIH 3T3 fibroblast cells were cultured on the anti-sydecan-4 antibody-coated membranes to induce cell attachment and spreading in preparation for mechanical stimulation. When a 10% strain was introduced for 5 min, an increase in the activation of ERK was observed (Fig. 4A) . This increase continued under the static strain at 30 min of stretching. By comparing these activation levels to unstretched cells (0 min), these findings indicated that the activation is not just attachment based, but that mechanical stimulation is required. These ERK phosphorylation responses after syndecan-4-based mechanical stimulation were similar to integrin-based responses under mechanical stimulation (31) . The surface strain of the PDMS substrate was an average of 10%. This average was calculated based on the strain distribution across the polymer surface. We documented this strain distribution through developing a model of our system using ANSYS, as shown in Fig. S3 . A total of 8,640 shell elements were used in ANSYS to model the PDMS membrane, which was constrained at its periphery and deformed on the opposite surface by an uniform pressure as depicted in Fig. 3A . The material properties such as the elastic modulus of PDMS were assumed to be homogeneous (32) . The resulting deformation was not homogeneous across the substrate as expected and experimentally observed because of the pressure and the periphery constraints, but produced a consistent average strain of 10% when deformed. Mesh independence was verified by examining higherdensity meshes. We then compared the stretching results to BSAonly-coated membranes subjected to a strain of 10%; these membranes had minimal cell attachment (Ͻ5% of the cells attached that were introduced into the cell culture dish for attachment to the membrane) relative to anti-syndecan-4 antibody-coated membranes. These samples revealed no detectable ERK phosphorylation in our Western blots. We further demonstrated the effects of syndecan-4 in mechanotransduction through an alternate independent technique, optical magnetic twisting cytometry (OMTC), to mechanically stimulate NIH 3T3 fibroblasts through twisting beads coated with anti-syndecan-4 antibodies that were attached to the cells. We twisted ferromagnetic beads [4.5-m diameter, Ϸ5-15 beads per cell; Spherotech (7)] attached to NIH 3T3 cells by using OMTC (33, 34) ; a schematic of this OMTC system is shown in Fig.  4B . Beads were coated following the manufacturer's instructions with fibronectin, antibodies to syndecan-4, and acetylated LDL (AcLDL) (Biomedical Technologies) as one control. The NIH 3T3s were seeded in 35-mm Petri dishes without prior surface modification or coating and allowed to attach. After Ϸ2-3 days to allow them to attach and spread, the beads with the proteins on them were introduced into the media and allowed to attach to the cells for 30 min. A twisting stress (25 Pa) was then applied for 10 min with cyclic twisting; these parameters were based on conventional twisting studies conducted previously (33) (34) (35) . After bead twisting, cell lysates were collected and analyzed for the activation of ERK through an ELISA using the Surveyor IC Human/Mouse/Phospho-ERK1/ERK2 Immunoassay kit (R&D Systems) following the manufacture's instructions. With the addition of mechanical stimuluation through magnetic beads coated with both fibronectin and anti-syndecan-4 antibodies, we observed similar significant increases in p-ERK (Fig. 4C) . It is noted that because of the lack of specific ligands for syndecan-4, the presence of multiple activating integrin types, and the redundancy observed for syndecan-4 with respect to integrin function, the use of siRNA approaches was limited in our experiments. As a result, we developed an approach that used specific binding of cells to anti-syndecan-4 antibodies; if we alternatively use RNA interference strategies to knock down the syndecan-4 expression, there is no cell attachment on PDMS surfaces with anti-syndecan-4 antibody treatment. When using other types of ECMs (e.g., fibronectin), knocking down a specific syndecan (i.e., syndecan-4), does not completely inhibit a response because there are other initiating molecules such as integrins that allow attachments to occur and in parallel can activate the mechanotransduction pathway. These results suggest that, although syndecan-4 is able to activate the mechanotransduction pathway, it is likely a complementary activation pathway that parallels integrin activation. In addition, we have demonstrated that these experiments block the binding of integrins and not that integrins are not activated. Integrins may still be participating in this process, but the initial activator is syndecan-4 in our experiments. Such multiple paths in the activation of signaling cascades are a hallmark of robust cell activities that have been observed in numerous cell behaviors (36, 37) .
A critical component of cell mechanics is the link to the cytoskeletal structure, which is connected to the FACs. To test whether the pathway of syndecan-4 mechanoactivation was linked to cell structure, we chemically disrupted the actin cytoskeleton and assayed the ERK phosphorylation state after mechanical stimulation. The structural link in nonsyndecan-based mechanical stimulation has provided previous insight into the mechanotransduction cascade (38, 39) . Because syndecan-4 is linked to the actin cytoskeleton (16), we used both latrunculin-B and cytochalasin-D to modify the actin microfilaments. Latrunculin-B (0.4 g/mL) or cytochalasin-D (0.1 g/mL; Sigma L5288, Sigma 30385) was added to the cells before the mechanical stimulation. After actin cytoskeleton disruption, the cells were exposed to 30 min of 10% equibiaxial mechanical strain, as previously described, to study ERK phosphorylation. When the actin cytoskeleton was disrupted with latrunculin-B or and cytochalasin-D, the ERK activation decreased by Ϸ30% (Fig. 5) . Previous studies have shown both the attachment of cells and the level of ERK phosphorylation has a limited effect under the addition of actin cytoskeleton disruption agents (40) . In addition, other researchers have found molecules that are important in the mechanotransduction cascade, including platelet-endothelial cell adhesion molecule 1 and vascular cell adhesion molecule 1, that also have a direct corelation with cytoskeletal integrity (41, 42) . We found a similar response in the syndecan mechanotransduction pathway. Syndecan-4 may play a role in mechanical activation and the associated signaling is affected by cell structure.
Our studies indicate that syndecan-4 is an initiator of cellular mechanotransduction. We found that anti-syndecan-4 antibodies enabled the attachment and spreading of NIH 3T3 cells and that the attachment of cells to these antibodies was affected by the shedding of syndecans. In addition, vinculin and actin have similar distributions with syndecan-4 binding as those associated with integrin binding. One of the key findings was that ERK phosphorylation was increased with mechanical activation in cells attached solely through syndecan-4 through both elastomeric membrane stretching and OMTC. Furthermore, the presence of actin filaments was important as there was a decrease in mechanical signaling in the presence of actin cytoskeletal disrupting agents. Over the past decade, integrins have received considerable research attention as the primary mechanosensitive transmembrane protein initiating signaling events. We have similarly demonstrated that syndecan-4 is important in mechanotransduction and syndecan-4 has analogous organization in terms of the FACs and the cell structure found with integrins. The identification of syndecan-4 as a mechanosensitive transmembrane protein therefore opens a myriad of directions of research and has implications in areas including mechanotransduction, tissue engineering, and ECMcell interactions.
Materials and Methods
Cell Line. NIH 3T3 fibroblast cells were cultured in growth media including DMEM with 10% calf serum, glutamine (0.3 mg/mL), penicillin (100 units/mL), streptomycin (100 mg/mL), and 20 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, at pH 7.4, under 5% carbon dioxide.
Antibody Conjugation to Glass Coverslips. Coverslips were treated with 2% AMEO and then maleimide-activated with Sulfo-SMCC. Antibodies were treated with Traut's reagent and then conjugated to the maleimide-activated glass surface by a 4-h incubation on the glass surface. Coverslips were then blocked in 4% BSA in PBS-EDTA ϩ 0.05% Tween-20 before sterilization by treatment with 70% ethanol.
Fibronectin Coating of Glass Coverslips. Fibronectin was coated onto glass coverslips by preparing human plasma fibronectin as a 100 g/mL solution in DMEM. A total of 250 L of the solution was pooled on cover slips and allowed to incubate for 30 min at room temperature. The solution was removed and cover slips were rinsed in DMEM. Cover slips were stored in DMEM at 4°C until use.
Antibody and Fibronectin Conjugation to M-450 to Sylactivated Beads. A suspension of beads (Dynal) in a carbonate buffer was washed and then resuspended in fresh carbonate buffer containing antibody or fibronectin. Typically, 25 mg of protein was used to conjugate an Ϸ25-mL volume of packed beads. Beads were incubated for 16-24 h at 37°C with gentle tilting and rotation. Conjugated beads were washed with carbonate buffer and stored at 4°C until use.
Antibody Conjugation to PDMS Surfaces. PDMS surfaces were treated with 1 min of air plasma, followed by 24 h of 2% AMEO in ethanol. The membranes were then heat-treated in an 80°C oven for 8 h, followed by a thorough ethanol and PBS rinse. The membranes were coated with 0.16 mg/mL of anti-syndecan-4 KY8.2 antibodies in PBS for 24 h at 4°C. Finally, the PDMS was treated with a 1% BSA in ddH 2O solution for 30 min to inhibit nonspecific attachments.
ERK Western Blot Analysis. To determine the normalized levels of ERK activation in stretched cells, lysates were prepared in ice-cold lysis buffer [20 mM Tris⅐HCl (pH 7.3), 1 mM EGTA, 50 mM NaF, 2 mM sodium orthovanadate, 10 g/mL leupeptin, 10 g/mL aprotinin], and subjected to Western blot analysis. Cell lysate samples were mixed with 6ϫ loading dye and heated at 65°C for 10 min. Samples were separated on precast Tris⅐HCl 4 -20% linear gradient gels (BioRad 161-1105) and transferred to nitrocellulose membranes. For Western blot analysis, membranes were blocked at room temperature for 1 h with TBS-T [100 mM Tris (pH 7.5), 0.9% (wt/vol) NaCl, 0.1% Tween-20] containing 1% (wt/vol) BSA. Primary antibody probing for active ERK was conducted overnight at 4°C using a 1:1,250 dilution of anti-active MAPK antibody (Promega V8031), followed by three 15-min washes in TBS-T. Secondary antibody incubation was conducted for 1 h at room temperature using a 1:5,000 dilution of donkey anti-rabbit HRP secondary antibody (Promega V7951), followed by three 15-min washes in TBS-T, and then two rinses with Tris-buffered saline before detection using ECL (Amersham) and exposure to film. After probing for active ERK, membranes were stripped of antibodies in stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris⅐HCl, pH 6.7) at 50°C for 30 min in a shaking incubator. Membranes were then washed twice in high volumes of TBS-T for 10 min before probing for ␤-actin using a 1:1,000 dilution of anti-␤-actin (A2066; Sigma). Scans of film exposures were done with a MagicScan scanner (UMAX) and Photoshop CS software (Adobe Systems). Densitometry analysis for each film was performed in triplicate using ImageJ software (National Institutes of Health, Bethesda). Averages of each active ERK signal were normalized by using the corresponding ␤-actin averages from the corresponding lane on the reprobed blot to control for loading differences between lanes. These values were normalized to the active ERK/␤-actin ratio of a positive control lysate of NIH 3T3 cells treated for 30 min with 2.5 M PMA run on the same blot, which was defined as 100% to generate a relative activation value that could be accurately compared between different experimental trials. In this case, the treatment of cells with PMA is to activate ERK through via protein kinase C activation; the shedding response related to PMA does not affect this lysate generation because cells grown for PMA-induced lysate generation were allowed to grow on a nonsyndecan-4-specific grown surface (i.e., tissue culture plastic).
Microscopy. Phase-contrast images of cells for the adhesion/spreading, bead competition, and PMA experiments were taken with a Nikon Eclipse TS100 inverted microscope with a SPOT-RT camera (Diagnostic Instruments). All fluorescence images were taken with a Leica TCS SP5 laser scanning confocal microscope. XZ reconstructions were generated from Z-stacks of images using the Leica LAS AF software.
